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Analytical methodsa b s t r a c t
A novel analytical method using HPLC–MS/MS operating in selected reaction monitoring (SRM) for eval-
uation of fungi efﬁcacy to decolorize Remazol Brilliant Blue R (RBBR) dye solution was developed, vali-
dated and applied. The method shows high sensibility allowing the detection of 4.6 pM of RBBR. Four
fungal strains were tested in liquid medium, three strains of Aspergillus (Aspergillus aculeatus, Aspergillus
ﬂavus and Aspergillus fumigatus) and Phanerochaete chrysosporium. All fungi were able to degrade the dye,
with efﬁciencies ranging from 40% for P. chrysosporium up to 99% for A. ﬂavus during a 30-day incubation
period. During the experiment, increased accumulation of degradation products was observed in A. ﬂavus
cultures containing RBBR. Through the use of full scan HPLC–MS technique it was possible to propose the
biogenesis of the microbial metabolic degradation pathway. Screening using microorganisms and RBBR
may be hereafter used to investigate microbial biodegradation of high toxicity molecules such as dioxins.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Industrial processes such as paper printing, textile dyeing, color
photography, cosmetic, pharmaceutical, food, and leather indus-
tries have a great demand for synthetic dyes, where several of thesell rights reserved.
ax: +55 016 3351 8350.processes produce large amounts of contaminatedwastewaterwith
high concentration of several classes of the dyes (Hadibarata et al.,
2012). Since 1856, over 10,000 different dyes and pigments have
been developed for common use, with approximately 0.7 million
tons of dyestuff being manufactured each year (Erum and Ahmed,
2011). It is estimated that 10–20% of the dye is lost in the wastewa-
ter during the dying process, with values rising up to 50% when
reactive dyes are used (Soares et al., 2001). These unexhausted reac-
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than 0.8 g L1 in dyehouse efﬂuents (O’Neill et al., 1999).
The structures of these synthetic dyes are developed to resist
fading upon exposure to sweat, light, temperature and water.
These industrial efﬂuents are considered to be toxic and are char-
acterized by having high demands of chemical and biological oxy-
gen, suspended solids and intense coloration (Correia et al., 1994).
The release of those efﬂuents into the environment is undesirable
because of noxious environmental effects such as the known car-
cinogen and/or mutagenic nature of several dyes and their break-
down products and also their severe visual effects due to their
high colorization ability, which are sometimes observed with con-
centrations lower than 1 mg L1 (Pandey et al., 2007).
Synthetic dyes are labeled based on their chromophores and
molecular structures (Palmieri et al., 2005). Reactive dyes are esti-
mated to have an expressive worldwide market share among the
different classes of dyes due to their wide variety of color shades,
easy application and low energy demand (Fanchiang and Tseng,
2009). The major group of reactive dyes is the azo group, which
is followed by anthraquinone dyes (Rodríguez-Couto, 2011). The
anthraquinone dyes are more resistant to degradation, especially
when compared to azo dyes. This occurs due to their fused aro-
matic structure (Banat et al., 1996).
Dyes are traditionally removed from wastewater through phys-
ical and chemical methods such as coagulation, adsorption and
oxidation with ozone, among others. They have been proven to
be somewhat ineffective when treating large volumes of efﬂuents
due to the dyes high chemical stability along with it being costly,
generating large volumes of sludge, having limited versatility and
usually requiring addition of other environmentally hazardous
chemical additives (Robinson et al., 2001), furthermore, there is al-
ways the possibility of producing highly toxic byproducts and/or
requiring high levels of energy (Deveci et al., 2004). As a feasible
alternative, biological processes have received increasing interest
due to their low-cost and eco-friendly nature (Wesenberg et al.,
2003). In these processes, microbial and/or enzymatic transforma-
tion reactions present some interesting properties such as low en-
ergy requirements, easy process control, operation over a wide
range of conditions, and a minimal environmental impact (Kaushik
and Malik, 2009).
The process of bioremediation depends on the metabolic poten-
tial of microorganisms to detoxify or transform the pollutant (Meg-
haraj et al., 2011). For example, white-rot fungi excrete several
enzymes, which are able to degrade the complex lignin backbone,
such as lignin peroxidase (LiP), manganese peroxidade (MnP), lac-
case (Lac) among others (Palmieri et al., 2005). These enzymatic
systems show broad substrate speciﬁcity, being able to catalyze
the oxidation of a wide range of compounds, including dyes, PAHs,
organochlorides and dioxins (Cameron et al., 2000; Sato et al.,
2002; Krishnan et al., 2004; Vitali et al., 2006; Siripong et al.,
2009; Passarini et al., 2011). While the white-rot-fungus degrada-
tion ability is widely studied, few studies describe lignolytic activ-
ity of other kinds of fungi (Betts and Dart, 1988). Recently,
decolorization of efﬂuents done by fungi other than white-rot such,
such as strains of Fusarium and Aspergillus opened a new path for
the search of new xenobiotic degrading microorganisms (Gomaa
et al., 2010; Erum and Ahmed, 2011).
Remazol Brilliant Blue R is one of the most important anthra-
quinone dyes in the textile industry. It is frequently used as the
starting material in the production of polymeric dyes, and repre-
sents an important class of toxic and recalcitrant organopollutants
due to its structural similarity with other polycyclic aromatic
hydrocarbons, such as anthracene (Chroma et al., 2002; Mechichi
et al., 2006). Moreover, the evaluation of its degradation mecha-
nism done by microorganisms is very useful as an initial screening
method for detecting lignolytic activities and also for selectingpossible microorganisms for bioremediation processes of other
important xenobiotics. Nevertheless, RBBR dye decolorization is
widely studied through the use of microorganisms that are applied
in bioremediation processes. Furthermore, the toxicity of the bro-
ken-down products needs to be assessed in order to avoid the pro-
duction of new degraded products of similar or even higher
toxicity (Osma et al., 2010).
In this context, the present study is aimed to develop and apply
a quantitative analytical method through LC–MS techniques to
investigate the ability of different fungal strains to decolorize the
RBBR dye, to identify degradation products and also to propose
alternative possible enzymatic pathways.2. Methods
2.1. Chemicals
The RBBR dye disodium salt (MW = 626.54 g mol1) was ob-
tained from Sigma (Steinheim, Germany). Potato dextrose agar
(PDA) and potato dextrose (PD) media were purchased from HiMe-
dia (Mumbai, India). The used solvent acetonitrile HPLC grade was
bought from J.T. Baker (Phillipsburg, USA). Water was produced in-
house by Milli-Q System (18 M <OMEGA>) (Millipore Corporation,
Watford, UK).
2.2. Fungal strains and fungal culture conditions
Aspergillus aculeatus and Aspergillus ﬂavus were kindly provided
by Prof. Dr. Edson Rodrigues Filho from the Federal University of
São Carlos (São Carlos, Brazil). Aspergillus fumigatus and Phanero-
chaete chrysosporium were generously provided by the company
Krion Agroscience (GO, Brazil). Prof. Dr. Edson Rodrigues Filho
strains were stored in PDA plates at room temperature and weekly
cultivated, and strains from Krion Agroscience were preserved as
spore solutions in glycerol at 4 C.
The media were prepared as described by the manufacturer. For
solid media, 39 g L1 solutions were prepared by dissolving PDA
into water and autoclaving it for 20 min at 121 C. After that, ali-
quots of 30 mL of media were poured into petri dishes (/ = 9 cm)
and allowed to solidify on a previously sterilized laminar ﬂow
hood. For liquid media, 1.2 g of PD broth was added to a 250 mL
Erlenmeyer ﬂask, ﬁlled with 50 mL of water and autoclaved for
20 min at 121 C, and allowed to cool down on a previously steril-
ized laminar ﬂow hood. Control culture samples were used as they
were prepared. In order to realize the dye decolorizing experi-
ments, RBBR was added to the culture media at a ﬁnal concentra-
tion of 0.5% (w/v), before its cooling, after the autoclaving
procedure, inside the laminar ﬂow hood. Due to its purity, its solid
state, and the careful manipulation of the RBBR dye, there was no
need to autoclave the compound, and therefore it could be added
after the medium sterilization, without any observed contamina-
tion throughout the experiments.
2.3. Qualitative and quantitative RBBR decolorizing experiments
In the qualitative assessment of the RBBR decolorization, the se-
lected fungi were previously grown in PDA plates for 5 days at
25 C with 12 h photoperiod. Afterwards, each 5 mm disk was re-
moved with a cork borer and inoculated at the center of a
freshly-made Petri dish. Three replicates (n = 3) with and without
dye for each fungal strain were prepared and incubated at 25 C
with 12 h photoperiod. Daily, the mycelia were measured in two
perpendicular directions to evaluate growth inhibition in the pres-
ence of the RBBR. After 15 days, the mycelia growth speed index
(MGSI) (Pereira et al., 2011) was used to obtain the mean values,
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growth done by the RBBR dye. Visual inspection of agar plates was
used to qualitatively evaluate the decolorizing ability of the em-
ployed fungi.
For quantitative assay, two 5 mm disks of a 5-day PDA plate of
the selected fungi were inoculated into each Erlenmeyer ﬂask con-
taining the freshly-made medium liquid culture previously de-
scribed. Triplicates plus the controls without dye were used for
each strain. They were grown at static conditions, in ambient tem-
perature and lighting. Every 5th day, 1,0 mL aliquots were pipetted
from each Erlenmeyer into a laminar ﬂow hood, transferred to an
Eppendorf vial and centrifuged for 40 min at 14,000 rpm. A di-
lute-and-shoot approach was used as a pre-treatment step by
transferring 10 lL aliquots of the supernatant into a glass vial
which was diluted to 10 mL with deionized water. Another aliquot
from the supernatant of 500 lL was stored in an HPLC glass vial for
degradation product analysis.2.4. High performance liquid chromatography
All HPLC runs were performed using an Agilent 1200 Series Li-
quid Chromatography apparatus (Agilent Technologies, Santa
Clara, USA), conﬁgured with a G1322A degasser, a G1311A quater-
nary pump, a G1367B autosampler, a G1316A thermostated col-
umn compartment and a G1316A diode array detector. The
column used in all experiments was a Agilent Zorbax Phenyl
stainless steel column of 250  4.6 mm i.d., 5 lm particle size
(Santa Clara, CA, USA) coupled with an Agilent Zorbax Phenyl
pre column of 12.5  4.6 mm i.d., 5 lm particle size security guard
cartridge (Santa Clara, CA, USA). The mobile phase for the reversed-
mode procedure, used in quantiﬁcation analysis, was an isocratic
mode that uses a mixture of deionized water and acetonitrile at
65:35 v/v. For the degradation product analysis, a 60-min explor-
atory gradient was performed using deionized water as solvent A
and acetonitrile as phase B, the process was done the following
way: 0–10 min, 5%B; 10–25 min, 5–70%B, keeping this proportion
until the 40 min marker, after that, changing it back to the initial
condition for another 20 min, equilibrating the column. The oven
temperature of the column was maintained at 30 C, with a ﬂow
rate of 0.7 ml min1, and an injection volume of 20 lL for all runs.2.5. Mass spectrometry
Mass spectrometry analysis were carried out in an API 2000™
Triple Quadrupole Mass Spectrometer (AB/MDS Sciex, CA, USA)
using a TurboIonSpray electrospray interface (ESI-MS) working in
the negative ion mode with nitrogen being used for all gases.
Analyte dependent parameters for MS and MS/MS such as
declustering potential (DP), focusing potential (FP), entrance po-
tential (EP), TurboIonSpray voltage (IS), collision-activated dissoci-
ation gas (CAD), collision energy (CE) and cell enter and exit
potentials (CEP and CXP respectively) were optimized by the direct
infusion of a 10 lg mL1 aqueous solution of RBBR at 10 lL min1.
Source-dependent parameters, such as TurboIonSpray, probe
height and length (Vert and Hor), Curtain Gas (CUR), Nebulizer
Gas (GS1), Heater Gas (GS2) and Turbo Temperature (TEM) were
optimized by ﬂow injection of a 1 lg mL1 aqueous solution of
RBBR using the same isocratic mobile phase and ﬂow as described
for quantiﬁcation experiments. All assays using HPLC ﬂow were
carried out using a split, which allowed the introduction of only
0.23 ml min1 of column eluent into the MS source, in order to ob-
tain an improved ﬂow rate for ESI-MS analysis. Analyst Software
version 1.5.1 (AB Sciex, CA, USA) was used to control all HPLC
and MS parameters and also to acquire all chromatograms and
spectra. Most of the optimum conditions are described in Table 1.2.6. Method validation
Method validation was performed following instructions of the
Brazilian National Health Surveillance Agency (ANVISA, 2003),
observing parameters such as sample stability, method selectivity,
recovery, matrix effect, limits of detection (LOD) and quantiﬁcation
(LOQ), linearity, precision and accuracy.
Primary stock standard solution of RBBR (1.0 mg mL1) was
prepared by accurately dissolving 10.0 ± 0.01 mg of RBBR into
10.0 mL of deionized water in a 10 mL volumetric ﬂask (Pyrex).
The working solution (1.0 lg mL1) was obtained by diluting the
standard stock solution into ultra-pure water, in a 100 mL volu-
metric ﬂask. The RBBR calibration curve solutions were prepared
by diluting the working solution to the following concentrations:
6.25, 12.5, 25, 50, 100, 150, 200, 300, 400 and 500 ng mL1. They
were obtained independently from the RBBR working solution,
by diluting an exact amount of the working solution into ultra-
pure water to a ﬁnal volume of 1.0 mL in a glass vial. All solutions
and dilutions were prepared in triplicate. These solutions were
used to evaluate the calibration curve, the linearity, the linear dy-
namic range, the limit of detection (LOD) and the limit of quantiﬁ-
cation (LOQ) of the method. Three other RBBR standard solutions
(7.35, 245 and 490 ng mL1) were prepared independently in quin-
tuplicate, from the RBRR working solution, following the same pro-
cedure as above, to be used as a representative for the low,
medium and high quality control samples (LQC, MQC and HQC
respectively) in order to investigate the accuracy and precision of
the method.
The study of the samples stability, while kept at the autosam-
pler (n = 12) tray, was carried out by having the same sample in-
jected into the HPLC every 2 h, for 24 h. Short and long term
freezing stability was veriﬁed by giving ﬁve injections of the same
sample after freezing and defrosting cycles at 0, 1, 2, 10 and
20 days. For both stability tests, the samples were prepared by
diluting a stock solution of RBBR into a 30-day grown culture of
A. ﬂavus without dye. The selectivity of the method was veriﬁed
by the analysis of the liquid media cultures with and without fungi
inoculums in order to check the absence of the co-eluting peaks
which would show the same transition and retention time of the
analyte under investigation. The recovery and the matrix effect
were assayed by preparing solutions with two different concentra-
tions of RBBR in the water, medium liquid culture and 30-day old
inoculated liquid culture. Samples were left to rest for one day, and
after that, the pre-treatment was applied to all samples before
HPLC analysis.
The linearity was determined through the calculation of the lin-
ear regression analysis of a graph plot using the area obtained by
the integration of SRM chromatogram peaks of several RBBR solu-
tions versus the nominal concentrations, using the linear least
squares methodology. Ten different concentrations ranging from
6.25 to 500 ng mL1 were used, with three replicates for each va-
lue. Weighted linear regression (1/x) was applied to minimize
the unequal variance of the higher values. The linearity was as-
sessed by means of the linear coefﬁcient of determination r2 and
through the analysis of the respective response factors (i.e. the
peak area divided by the concentration of each standard sample).
The quantiﬁcation limit was obtained by successively diluting
the stock solution of RBBR until a 10 signal/noise (S/N) ratio was
observed. On the other hand, on the limit of detection (LOD), a rela-
tion of three times the S/N ratio was employed. Precision was eval-
uated as intra-day (repeatability) and inter-day (intermediate
precision). Quintuplicates of the RBBR solutions in low, medium
and high concentrations (7.35, 245 and 490 ng mL1, respectively),
with respect to the calibration curve, were prepared and used as
standards for the evaluation. The relative standard deviation
(RSD) of means was used to evaluate the precision, with one-day
Table 1
Optimized parameters for MS and MS/MS detector for use in RBBR analyses.
DP (V) FP (V) EP (V) IS (V) CE (V) CEP (V) CXP (V)
16 270 3.5 4500 16 20 4
Vert (pos) Hor (pos) TEM (C) CAD (psi) CUR (psi) GS1 (psi) GS2 (psi)
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Fig. 1. Mycelial growth speed index (MGSI) for selected fungi grown in PDA plates.
Table 2


















Autosampler stability Freezing stability
250 12 100.71 1.16 5 100.43 1.67
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sults used for intermediate precision. Accuracy was measured by
applying the quantiﬁcation method to samples and evaluating
the percentage of bias. The sample concentrations were the same
as the ones used for precision.
2.7. Statistical analysis
To further conﬁrm the analytical method validation, a single
factor analysis of variance (ANOVA) of the linear regression data
measurements was performed, in order to evaluate the signiﬁcance
of the proposed method. Statistical signiﬁcance was established at
the P-value < 0.05, which indicates that the model is explained by
the proposed regression at a 95% conﬁdence interval.
3. Results and discussion
3.1. Qualitative evaluation
All fungal strains presented the decolorization ability to some
extent, mainly due to processes such as biodegradation and
adsorption onto biomass. A. ﬂavus type showed the highest decol-
orization ability, and after a 15-day incubation period the medium
PDA-dye was almost colorless, showing the same colors as the con-
trol cultures grown without the dye. However, residues of dye
were observed at fungal mycelia, which indicates the occurrence
of both bioprocesses. A. aculeatus and A. fumigatus also showed
similar dye decolorization ability after a 15-day incubation period.
While A. ﬂavus showed signs of dye removal through both pro-
posed pathways (biodegradation and adsorption), A. aculeatus
and A. fumigatus did not present dye adsorption on the mycelia,
which indicates that the removal of the dye only happened
through the biodegradation pathway. Even though P. chrysospori-
um had the fastest growth rate, occupying all the agar plate in just
three days, it presented the lowest decolorization level during the
15 days in which all of them were evaluated. Growth measured
through the 15-day incubation period with and without dye was
compared, as shown in Fig. 1. A. aculeatus and A. ﬂavus depicted
growth inhibition when compared with their respective control.
On the other hand, A. fumigatus and P. chrysosporium were not af-
fected by the RBBR incorporation.
3.2. Quantitative HPLC–MS/MS method validation
Reliable analytical data are a prerequisite for the correct inter-
pretation of degradation characteristics, which are under evalua-
tion. The applicability of the method used is in accordance to
ANVISA (ANVISA, 2003). The evaluation of the full scan analysis
showed a prominent signal in the ionm/z 290 (Fig. S1b). After care-
ful observation of the isotopic fragmentation pattern of the molec-
ular cluster, this ion (m/z 290) was attributed to a double-charged
molecular ion of 580 Da [M-2Na]2. This ion was used in a product
ion experiment (MS2) that shows the loss of the ion m/z 97, which
is the most intense fragment connected to a hydrogen sulfate
moiety. Therefore, the quantiﬁcation was performed with a Se-
lected Reaction Monitoring (SRM) over the m/z 290?m/z 97 tran-
sition (Fig. S1c). This selected transition presented the best limit ofdetection, thus improving the calibration sensibility of the method.
An example of a HPLC–MS analysis using the developed method is
in Fig. S1a.
The speciﬁcity of the method was evaluated by comparing the
chromatogram analyses of all collected samples (n = 84) through-
out the 30-day incubation period, with and without (blank sam-
ples) RBBR (Fig. S2). No interfering peak was observed during the
2.3 min period in the blank chromatogram (retention time of
RBBR) with none of the samples showing signs of co-eluting peaks
at the same retention time to the transition used for SRM. In this
sense, the methodmay be considered to be selective for the desired
analysis since no interference peaks were observed.
Results of the stability investigation for the injection (auto
injector) and freezing experiments are shown in Table 2. Through-
out the investigation time, the RBBR dye was stable in the solu-
tions. As a result, the solutions of RBBR can be frozen, stored and
later analyzed. Moreover, the analysis of these solutions can be
programmed for automatic analysis using an HPLC auto injector
without compromising the quality of the results.
3.2.1. Linearity and range
The analytical calibration curves over the concentration range
of 6.25–500 ng mL1 were linear. The linear regression obtained
from the area versus the concentration graph is shown in Fig. 2.
It shows that the results of the analytical methodology are directly
proportional. With it, the correlation between the concentration of
the analyte in standard samples with the peak area in the chro-
matograms (Fig. 2a) was made possible. The linearity was assessed
in triplicate, through the development and visual evaluation of the
calibration curves by external standards (Fig. 2a) in a range be-
tween 6.25 and 500 ng mL1, as well as by calculating the regres-
sion equation (y = bx ± a) and the correlation coefﬁcient (r2)
through the method of least squares:
A ¼ 1913; 3xþ 1417;0; r2 ¼ 0:9995
where A is the area of the chromatographic peak, and x is the con-
centration of the standard solution in ng ml1. When r2 values are
greater than 0.999 it indicates that there is a good correlation of lin-
earity through all the concentrations used and a homoscedastic dis-































Fig. 2. Linearity for the proposed method of quantitative RBBR analysis by HPLC–MS. (A) Calibration curve obtained with RBBR standard solutions (n = 30); (B) RBBR response
factor versus concentration of RBBR standard solution (n = 30).
Table 3
Summary of the output of the ANOVA for the linear regression analysis.
ANOVA
d.f. SS MS F Signiﬁcance F
Regression 1 2.98  1012 2.98E + 12 20163.9 1.45  1041
Residual 28 4.14  1009 1.48E + 08
Total 29 2.99  1012
Coefﬁcients S.E t-Stat. P-value Lower 95% Upper 95%
Intercept (a) 1416.981 3233.288 0.438248 0.664569 5206.11 8040.07
Slope (b) 1913.322 13.47413 141.9996 1.45  1041 1885.722 1940.923
Table 4
Results of precision and accuracy intra and inter days for three different concentra-
tions of RBBR in standard solutions.
[RBBR] (ng mL1) Day Recovery (%)a RSD (%)b
Intra-day (n = 5)
7.35 1 103 3.01
245 1 100 1.55
490 1 99.7 1.37
B. Perlatti et al. / Bioresource Technology 124 (2012) 37–44 41calibration curve assembly. Table 3 shows the ANOVA output of the
linear regression model, which further conﬁrms the linearity of the
model, the non-signiﬁcant linear deviation of the slope (P-va-
lue < 0.05), and the intercept value that was not statistically (P-va-
lue > 0.05) different from zero.
The quality of linearity observed was also evaluated by analyz-
ing the response factor (the value of the chromatographic peak
area divided by the concentration of the standard solution ana-
lyzed). The visual appearance of the chart and the value of the lin-
ear regression, which were obtained by plotting the response
factors of each standard solution of the established work range ver-
sus the concentration of the standard solutions (Fig. 2b), revealed a
slope (0.0002) close to zero and 2.7% of the RSD between all levels
of the concentration patterns, thus enhancing the evaluation of the
linearity of the method. The range of the work method (concentra-
tion on analysis aliquot from 6.25 to 500 ng mL1) allowed the as-
say of the RBBR content in medium PD culture, within the limits of
interest. In this case, the method was proved to be linear, accurate
and precise. Therefore, samples may be adequately analyzed with-
in the concentration range of the proposed method.
The analysis of variance (ANOVA) used in the regression (Table
3), shows a signiﬁcant linear regression (P-value < 0.05) that is in
accordance to the error of values in the x-axis, which are attributed
to the preparation and manipulation of the stock solutions and
their respective dilutions, being, however, insigniﬁcant when com-
pared to instrumental errors of analyses (y-axis).7.35 2 101 2.23
245 2 99.4 1.35
490 2 99.0 1.28
7.35 3 93.5 1.15
245 3 93.0 1.18
490 3 94.4 1.08
Inter-day (n = 15)
7.35 – 99.3 4.85
245 – 97.5 3.64
490 – 97.7 2.74
a Mean found concentration (ng ml1).
b Intra-day RSD(%).3.2.2. Accuracy and precision of the method
Accuracy indicates the correlation between the obtained results
and those accepted to be true, and it may be analyzed by calculat-
ing the average percentage recoveries for the analyte at three dif-
ferent concentrations as well as by the relative standard
deviation (Sarkar et al., 2006). The three standard solutions (qual-
ity control), (low, medium and high) of 7.35, 245 and 490 ng mL1
were carefully prepared in quintuplicate, and were analyzed in
three non-consecutive days (n = 3) using the overall mean, relativestandard deviation (RSD), and the between-day and between-level
square mean. The results were also evaluated by means of an AN-
OVA single factor. The quality control solutions were chosen be-
cause they cover all the work range and are not identical to the
points used to build the calibration curve. The concentration of
the ﬁrst standard solution (7.35 ng mL1) was chosen for being
118% higher than the ﬁrst point of the linear response range. The
second (245 ng mL1) and third points (490 ng mL1) refer to 49%
and 98% of the highest concentration point on the calibration
curve, respectively. The total average recovery and RSD found were
98.2 ± 1.58%, showing strong agreement between the experimental
and theoretical values. Detailed results for the three concentration
levels tested are shown in Table 4.
In addition, the precision expresses the importance that random
errors have on the method performance and that it may also be
expressed at different levels. In this work, the precision was
Table 5
Recovery data for different solutions that contain RBBR, evaluating the possible
matrix effects.
Matrix (n = 3) Recovery (%) RSD (%) Recovery (%) RSD (%)
30 ng mL1 300 ng mL1
H2O 99.53 1.54 99.58 0.65
PD 99.67 0.68 100.30 2.42
30 days grown PD culture 98.67 1.44 101.23 1.14
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Fig. 4. Temporal variation of monitored degradation products peaks.
42 B. Perlatti et al. / Bioresource Technology 124 (2012) 37–44determined by the analysis of standard solution samples at three
different concentration levels (7.35, 245 and 490 ng mL1), which
was represented by relative standard deviation (RSD). Each concen-
tration level of the standard solutionwas prepared in quintuplicate,
having a total of 15 samples per day. Similarly to the accuracy, the
samples used to determine the precision were assessed throughout
the linear working range. The intermediate precision, inter-day,
was determined by the analysis of the three different levels of stan-
dard solutions in three non-consecutive days. Results are presented
in Table 4. RSD for repeatability at each concentration level of the
standard solutions, intra-day (n = 15) and inter-day (n = 3), were
63.01% and 64.85%, respectively. The results indicate a good preci-
sion for the analytical method. The data of the ANOVA output re-
sulted in a calculated F of 2.25, which was lower than the critical
value of 5.14, meaning that the result obtained on different days
and levels were not statistically different.
3.2.3. Limit of detection (LOD) and limit of quantiﬁcation (LOQ)
In this work, the quantiﬁcation and detection limits were deter-
mined in accordance with the signal/noise relation, being of 10 and
3 times for LOQ and LOD, respectively. The LOD and LOQ were
found to be 3.0 and 5.8 ng mL1, respectively. The LOQ was smaller
than the ﬁrst point of the calibration curve (66.25 ng ml1, true
LOQ); proving therefore to be linear, accurate and precise in that
speciﬁc working range.
3.2.4. Recovery and matrix effects
The recovery of the method was evaluated by comparing the re-
sults of the total content of RBBR that was added and quantiﬁed in
different matrices. Two formulations were prepared using RBBR in
different concentrations. The chosen concentrations were 30 and
300 ng mL1, which allowed the evaluation of the methods ability
at quantifying the RBBR when it is present in low and high quanti-
ties. Moreover, three different solutions were chosen: water, med-
ium PD, and medium PD after a 30-day microbial growth. These
three different solutions were chosen because they allow the eval-
uation of possible matrix effects on the analytical signal of the
RBBR dye. The result of the recovery was obtained by the ratio be-
tween the analyzed concentration and the theoretical values,
which was expressed as a percentage. The calculated average
recovery of the two different concentrations in the three different
solutions was of 99.8 ± 0.86% (n = 18), with RSD 6 2.42%, showing
no losses of analyte during the preparation steps, the pre-treat-
ment and the chromatographic analysis of all the investigated
matrices. This result shows that there is no effect of different med-
ia on the recovery of the method. These results are shown in Table
5.
3.3. Quantitative dye decolorization efﬁciency of microorganisms
The validationmethodwas successfully applied on the quantita-
tive efﬁciency evaluation of the dye decolorization by usage micro-
organisms. Quantitative analyses were performed for the medium
liquid aliquots obtained during growth and dye decolorizingexperiments. The results of decolorization are shown in Fig. 3. Dye
decolorization ranged from 40% to 99%, depending on the strain
used. P. chrysosporium removed around 40% of the dye, while Asper-
gillus strains had 60%, 80% and 99% of dye removal for A. fumigatus,A.
aculeatus and A. ﬂavus, respectively, after a 30-day incubation peri-
od. All strains showed similar RBBR removal behavior on the ﬁrst
10 days, probably because of initial growth and high nutrient con-
tent. After 15 days, A. ﬂavus presented a remarkable reduction on
dye concentration, having almost all of the dye degraded after
20 days. After 25 days, the RBBR concentration in A. ﬂavus samples
wasunder the LOQof the analyticalmethod, and theA. aculeatus also
started to show high RBBR decolorization efﬁciency. After 30 days,
A. ﬂavus samples were under the LOD. A. fumigatus and P. chrysospo-
rium showed a somewhat constant degradation ratio throughout
the 30-day incubation period.3.4. Biodegradation pathway proposal
Due to the very high dye decolorization efﬁciency achieved with
the A. ﬂavus, a search for degradation products was carried out. Full
scan analyses of aliquots were performed and the deconvolution of
each mass-to-charge ratio was done, using an extracted ion chro-
matogram (XIC). The XIC was monitored through a full scan range
between 90 and 650 Da in order to identify possible degradation
products present in samples containing dye, but that were absent
in the control samples, which were prepared without dyes. Four
major metabolites were distinguished among the samples that
were with and without dye. The mass-to-charge ratios along with
temporal variations are shown in Fig. 4.
The formation of the product 318 Da can be observed from
sample 2 onwards, with the retention time of about 13.0 min
(Fig. 3S). It reaches the pinnacle within 15 days of fungal growth,
and then decreases. Osma et al. (2010) and Hadibarata et al.
(2012), while working on RBBR biodegradation, identiﬁed one
degradation product by using an electrospray source in the positive
mode (ESI+-MS) with molecular mass of 342 Da, naming the
product as 1-amino-9,10-dioxo-9,10-dihyroanthracene-2-sulfo-
nate. They observed the oxidation of the nitrogen of the secondary
amine attached to the side chain of the anthraquinone portion of
B. Perlatti et al. / Bioresource Technology 124 (2012) 37–44 43the dye as being the [M + Na + H]+ ion. For analysis through the
electrospray, operating in negative ionization mode, we expected
to ﬁnd the ion [M] at 318 Da, which was detected.
Another metabolic degradation product was identiﬁed at
336 Da. The signal observed on the 10th day of microbial growth
showed a raising proﬁle up to the last sample, in which it de-
creased, with a retention time of 8.5 min (Fig. 4S). Fujii et al.
(1988) describes the oxidation of anthraquinonic rings such as
questin, which is a molecule present in secondary metabolism of
some Aspergillus, as the one produced by an enzyme called questin
oxygenase. The existence of several other kinds of monooxygena-
ses in Aspergillus strains is also known, some of which belonging
to the aﬂatoxin biosynthesis (Yabe et al., 1991; Yu et al., 2002).
Osma et al. (2010) identiﬁed a degradation product of 343 Da
due to the RBBR in presence of a laccase in solution, by using the
positive mode of the ESI-MS, thus characterizing the product from
a cleavage of the tryciclic ring at one of the carbonyl moieties
through a carbonyl oxidation, resulting in a carboxylic acid moiety.
Thus the product of 336 Da observed at the chromatographic peak
at 8.5 min could be attributed as a product of the oxidation of the
anthraquinone moiety, 2-amino-4-(2-carboxybenzoyl)-5-hydroxy-
benzenesulfonate.
The formation of the degradation product of 165 Da, with a
retention time of 29.5 min, was observed after 20 days of microbial
growth (Fig. 5S). This product was identiﬁed as o-phthalic acid.
Sugano et al. (2009) observed the formation of o-phthalic acid in
RBBR solutions containing peroxidase isolated from Thanatephorus
cucumeris. Andleeb et al. (2011) found o-phthalic acid in large
quantities after using Aspergillus ﬂavus cultures to biodegrade an
anthraquinonic dye, following an established degradation route.
Moreover, the raise in the peak intensity follows the lowering of
the aforementioned peaks, and the enzymes needed for this reac-
tion are of the same kind as the ones proposed in previous steps.
Therefore, we deﬁned the signal as belonging to o-phthalic acid.
Krishnan et al. (2004) observed the accumulation of o-phthalic acid
in Pseudomonas sp. cultures after phenantrene production, indicat-
ing that such acid is a ‘‘dead-end’’ product. The presence of the
same degradation product for both PAH and dye is another clue
showing that the dye can be used as a screening tool to identify
microorganisms which are able to promote transformations of ma-
jor ecotoxicological compounds. Another observation of o-phthalic
in RBBR degradation was described by Fanchiang and Tseng (2009),
who carried out an experiment obtaining the o-phthalic acid after
the ozonation of an anthraquinone dye, which indicates that this
acid is one of the most stable products formed by degradation.
A low intensity signal was also observed with a mass of 188 Da,
following the same trends of the product previously identiﬁed as o-
phthalic acid (Fig. 6S). Based on the proposed degradation path-
way, further oxidation of the second carbonyl moiety in the
anthraquinone ring would generate two products: o-phthalic acid
and 2-amino-1-phenol-4-sulfonic acid. In view of the results, the
degradation biogenesis mechanism for RBBR dye could be pro-
posed by using fungi strains, as shown in Fig. 7S.
Therefore, tested microorganisms have shown great potential
for bioremediation of textile dye efﬂuents, as they were able to
decolorize RBBR dye into less toxic degradation products.4. Conclusion
A new HPLC–MS/MS method was successfully developed for di-
rect RBBR dye quantiﬁcation in culture media. The analytical meth-
od was selective, accurate and precise, with a LOD of 4.6 pM for
RBBR. The dye decolorizing ability was assayed for four fungal
strains.A. ﬂavus presented the best dye decolorizing ability, remov-
ing over 99% of the dye from the liquid medium after 20 days. Byinvestigating A. ﬂavus samples from different time intervals, it
was possible to identify four metabolic degradation products. Their
identiﬁcation was carried out by using their mass-to-charge ratio
and temporal availability, allowing a biogenesis degradation mech-
anism to be proposed.Acknowledgements
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